Radiofrequency (RF) cardiac ablation is used to treat certain types of arrhythmias. In the epicardial approach, efficacy of RF ablation is uncertain due to the presence of epicardial adipose tissue interposed between the ablation electrode and the atrial wall. We planned a feasibility study based on a theoretical model in order to assess a new technique to estimate the quantity of fat by conducting bioimpedance measurements using a multi-electrode probe. The Finite Element Method was used to solve the electrical problem. The results showed that the measured impedance profile coincided approximately with the epicardial fat profile measured under the probe electrodes and also that the thicker the epicardial fat, the higher the impedance values. When lateral fat width was less than 4.5 mm, the impedance values altered, suggesting that measurements should always be conducted over a sizeable fat layer. We concluded that impedance measurement could be a practical method of assessing epicardial fat prior to RF intraoperative cardiac ablation, i.e. "to map" the amount of adipose tissue under the probe.
Introduction
Radiofrequency (RF) cardiac ablation can be used to treat certain types of arrhythmias, such as atrial fibrillation (AF), which is a common arrhythmia and an important public health problem due to its clinical prevalence and morbid-mortality (Kannel et al 1998 , Benjamin et al 1994 , Wolf et al 1991 . The use of both surgical (intraoperative) and percutaneous (via a catheter) RF ablation to treat AF is increasing, in spite of the lack of accurate knowledge of the mechanisms involved. The effectiveness of surgical ablation is 70-80%, regardless of the kind of energy used , Cox et al 1996 , Nakajima et al 2002 . It is has been hypothesized that the early post-ablation recurrence of AF probably depends on the incomplete transmurality of the lesion (Miyagi et al 2009) . In fact, histological analyses of lesions have shown that 25-30% are non transmural cases (Santiago et al 2003a . In the epicardial approach, i.e. when the energy to create the thermal lesion is applied on the epicardial surface, the efficacy of RF ablation is uncertain, due to the varying presence of epicardial adipose tissue interposed between the ablation electrode and target site, i.e. the atrial wall (Miyagi et al 2009, Berjano and Hornero 2004) . This is probably due to the electrical conductivity of the fat being lower than that of atrial tissue (0.02 and 0.4-0.6 S/m respectively) (González-Suárez et al 2010) . In addition, since fat has a lower thermal conductivity (0.2 W/m⋅K) than atrial tissue (0.7 W/m⋅K), the presence of this fat layer also probably has a negative impact on creating a transmural lesion, regardless of the type of energy used. In order to maximize effectiveness of epicardial RF ablation therapy, Dumas et al (2008) used impedance measurements to predict completeness of lesions. Moreover, different types of energy are currently being researched, such as high intensity focused ultrasound (HIFU) (Mitnovetsky et al 2009), microwave (Pruitt et al 2007) , laser (Hong et al 2007) and cryoablation (Ba et al 2008) in order to achieve optimum epicardial lesions in atrial tissue. We have previously used computer models to study the capability of different procedural techniques (different electrode designs and protocols for delivering RF power) to ablate atrial tissue in the presence of epicardial fat (González-Suárez et al 2010) . Since our results showed the difficulty of ablating the atrial wall in the presence of thick fat layers (4-5 mm), it would be desirable to have a technique available to estimate the quantity of overlying epicardial fat prior to ablation. We therefore propose a new technique based on impedance measurements to assess epicardial fat thickness. Figure 1 shows the physical situation of the proposed technique, which is based on a multi-electrode probe placed over the epicardial surface. Our hypothesis is as follows: the electrical impedance measured between two or more electrodes of the probe could be closely related to the quantity of fat under the electrodes. For example, the impedance measured on a thin fat layer (Z 2 ) would be lower than on a thick layer (Z 1 ). An impedance profile (i.e. a set of impedance values, Z 1 , Z 2 ...) could therefore be used to obtain a fat profile. Physical situation considered in the study of the estimation of the epicardial fat profile. The idea is based on the fact that the electrical impedance measured between two or more electrodes of the probe could be strongly related to the quantity of fat under the electrodes. For example, the impedance measured on a thin fat layer (Z2 = V2/I2) would be lower than on a thick fat layer (Z1 = V1/I1).
Theoretical modeling has previously been used to assess the feasibility of new medical techniques and devices Hornero 2006, 2005) . In other words, this methodological approach has been employed as a concept proof. In our case, we designed a computer modeling study to determine the feasibility of the proposed technique. In this type of study it is also very important to assess the effect of external parameters, i.e. those affecting the final outcome when the device or technique is employed in a real stage. This can be done both to minimize their effects (because they involve an undesirable dispersion in the performance of the device) and to find optimum values for improving the performance of the device or technique. As computer modeling can also be used for this task, we used it to determine how anatomical factors (e.g. presence or lack of fat near the measuring electrodes) could affect the accuracy of the estimation of fat thickness. Figure 2 shows the proposed theoretical model, which represents a straight probe over three parallel sections of tissue: epicardial fat, atrial wall and circulating blood, with thicknesses F, A and B, respectively. The probe was considered to have a rectangular section and 3 mm thickness, 1 mm in height and L total length. It consisted of 8 (stainless steel) electrodes 3 mm in length with 4 mm plastic segments (polyurethane) between them. The first and last sections of the probe were also constructed of polyurethane with a length P (see Figure 2 ). Since there is a symmetry plane, only half of the model was considered. 
Methods

Description of the theoretical model
Impedance measuring technique
We modeled impedance measurements using a tetrapolar (quadripolar) technique, i.e. an electrical current was injected between two outer electrodes and the voltage was measured between two inner electrodes (see Figure 3 ). This technique reduces the effect of electrode impedance and gives better accuracy than the bipolar technique (Grimmes and Martinsen 2008, Geddes 1989) . A total of 5 impedance measurements were obtained: Z A , Z B , Z C , Z D and Z E , where Z A was the ratio between the voltage measured between electrodes 2 and 3 (V 23 ) and the current applied through electrodes 1 and 4 (I 14 ), i.e. Z A = V 23 /I 14 ; Z B was the ratio between the voltage measured between electrodes 3 and 4 (V 34 ) and the current injected through electrodes 2 and 5 (I 25 ), i.e. Z B = V 34 /I 25 ; etc. In this way, the value of Z A is related to the electrical conductivity of the tissue beneath electrodes 2 and 3, Z B of the tissues beneath the electrodes 3 and 4, and so on until all the tissue under the probe has been "mapped". The impedance measurements were conducted by using a tetrapolar technique, i.e. an electrical current was injected between two outer electrodes, and an electrical voltage was measured between two inner electrodes. For instance, the figure illustrates by using electrodes 1 and 4 to inject current and electrodes 2 and 3 to pick up voltage, how it is possible "to map" the impedance ZA (i.e. V23/I14) corresponding with the tissue zone lying beneath electrodes 2 and 3; ZB (V34/I25) with the zone beneath electrodes 3 and 4, and consecutively until all the tissue under the probe has been "mapped".
Governing equations
In a preliminary computer modeling study, we assessed the effect of changing the measuring frequency (between 10 and 10 MHz) on the capability of this technique to estimate the epicardial fat profile. We found that 1 MHz would be the best option, since the higher value (10 MHz) would show up practical problems (González-Suárez et al 2009). The value of electrical conductivity (σ) for atrial tissue therefore was a frequency of 1 MHz. The biological medium at this frequency can be considered almost totally resistive, since the displacement currents are much less important than conduction currents. The only characteristic considered for the materials employed in the model was electrical conductivity (Gabriel et al 1996) : 0.025 S/m for the adipose tissue, 0.4 S/m for the atrial tissue, 0.99 S/m for the blood, 7.4×10 6 S/m for the electrodes (stainless steel) and 10 -5 S/m for the plastic section of the probe (polyurethane). A quasi-static approach was employed to solve the electrical problem (Doss 1982) . The Laplace Equation governed the physical phenomenon.
We used ANSYS version 10.0 (ANSYS, Canonsburg, PA, USA) to build theoretical models and solved them by means of the Finite Element Method (FEM). The SOLID69 element (linear isoparametric type) was used to solve the static electrical problem. This means that although the electrical variables in the theoretical model (voltage and current) are DC values, they correspond with the root-mean-square value of the AC signals in a real situation.
Boundary conditions
A Neumann boundary condition of null electrical current was used both on the symmetry plane and at the rest of the boundaries. To obtain each impedance measurement, we set a value of 1 A at a node inside one current injection electrode, and a value of −1 A at a node inside the other current injection electrode (Neumann boundary conditions (Brankov et al 2000) ). Obviously, in a real situation, lower electrical current values would be used. A Dirichlet boundary condition of null electrical voltage was set at the nodes containing electrodes to pick up the electrical voltage. The voltage value of the other pick-up electrode corresponded directly with the impedance value.
Construction of the numerical model
The outer dimensions R, B and L (see Figure 2) were calculated by means of a convergence test in order to avoid boundary effects, i.e. they should be large enough to model an unlimited volume. A convergence test was also performed to obtain the correct spatial resolution (i.e. minimum meshing size). Discretization was spatially heterogeneous: the finest zone was always the electrode-tissue interface, since it is known that this contains the largest voltage gradient. The meshing size was gradually increased with distance from the interface. In these convergence tests the value of the electrical impedance (Z) was used as a control parameter. First, we considered a tentative spatial resolution of 0.3 mm at the electrode-tissue interface. To determine the appropriate values of R, B and L we conducted a computer analysis by increasing the value of these parameters by equal amounts. When the difference between the impedance and the same parameter in the previous simulation was less than 0.5%, we considered the former values to be appropriate. Finally, we conducted a convergence test to determine the appropriate spatial resolution. The optimum spatial discretization was then achieved by refining the mesh in this zone so that Z was within 0.5% of the value obtained from the previous refinement step.
Effect of different fat profiles
To assess the effect of the overlying epicardial fat on the impedance measurements, we considered four shapes of fat profile: uniform (which corresponds with the model initially shown, see Figure 2 ), linear, convex and concave (see Figure 4) . The atrial wall and blood layer had a thickness of 2 and 6 mm, respectively, in all the models. For the uniform profile, we studied the effect of changing the epicardial fat layer thickness (F) from 1 to 6 mm. For the other three profiles, we considered a variation of maximum fat thickness from 6 to 1 mm, with minimum fat thickness at 0.1 mm. 
Effect of lateral width of epicardial fat
In previous simulations, we had considered only variation in the depth of epicardial fat (F), which meant it was considered to have limitless lateral width. In the present study we considered that the epicardial fat layer had limited lateral width (δ), as shown in Figure 5 . The idea was to check the robustness of the new procedure, i.e. the impedance measurement should remain close to the value obtained without variation in the fat lateral width when δ was changed. For this part of the study, only the uniform fat profile was considered. The simulations were performed by decreasing the lateral width (δ) at intervals of 2 mm from 18.5 to 0.5 mm, simultaneously increasing the value of F from 1 to 6 mm (at intervals of 1 mm). 
Results
Construction of the model
The optimum outer dimensions were R = 20 mm, B = 6 mm, L = 118 mm and P = 33 mm. The convergence test provided a grid size of 0.3 mm in the finest zone (interface between fat and multi-electrode probe). We also checked the grid size away from the multi-electrode probe. The models had nearly 95,510 nodes and used over 524,000 tetrahedral elements. Figure 6 shows the impedance values for the different cases of fat profiles when the epicardial fat thickness varied between 1 and 6 mm. In the case of uniform fat profile (see Figure 6 (a)), we observed that increasing F from 1 to 6 mm involved an increase in the impedance value, which was almost identical for all impedance measurements: Z A increased from 103.6 Ω to 1223.3 Ω, Z B from 103.5 Ω to 1218.4 Ω, Z C from 103.4 Ω to 1218.6 Ω, etc.
Effect of different fat profiles
Using the other fat profiles gave similar results: impedance readings decreased as maximum fat thickness was reduced. We also noticed that the impedance profiles followed a linear, convex and concave trend, respectively (Figure 6 (b), 6(c) and 6(d)). Thus, for an F = 6 mm, with linear fat profile (Figure 6(b) ), the impedance value decreased linearly from Z A = 917.7 Ω to Z E = 182.7 Ω. In the case of convex fat profile (Figure 6 (c)) impedance decreased from Z A = 542.9 Ω at the edge to Z C = 135.6 Ω at the centre and then increased to Z E = 610 Ω at the other edge. Finally, in the presence of a concave fat profile (Figure 6(d) ), impedance increased from Z A = 534.6 Ω to Z C = 823.5 Ω and decreased to Z E = 447 Ω. In conclusion, each impedance profile matched well with the corresponding fat profile. Figure 7 shows the impedance values obtained by decreasing the lateral width of epicardial fat. We observed that decreasing fat lateral width (δ) involved a drop in the impedance reading, regardless of fat thickness. This effect was almost negligible for fat lateral widths > 4.5 mm, especially in the case of thin fat layers: the impedance value fell from 103.4 Ω to 101.4 Ω for the case of a 1 mm thin fat layer, while it dropped from 1218.6 Ω to 1010.5 Ω in the presence of a 6 mm thick fat layer. In contrast, this effect was more marked with smaller lateral widths (2.5 and 0.5 mm). For instance, with 6 mm of fat thickness impedance fell from 1218.6 Ω to 673.1 Ω for a lateral width of 2.5 mm and to 188.9 Ω for 0.5 mm. ρ=0 mm; δ=18.5 mm ρ=2 mm; δ=16.5 mm ρ=4 mm; δ=14.5 mm ρ=6 mm; δ=12.5 mm ρ=8 mm; δ=10.5 mm ρ=10 mm; δ=8.5 mm ρ=12 mm; δ=6.5 mm ρ=14 mm; δ=4.5 mm ρ=16 mm; δ=2.5 mm ρ=18 mm; δ=0.5 mm Figure 7 . Impedance measurements by changing the lateral width of epicardial fat (δ) and the epicardial fat layer thickness (F).
Discussion
Previous RF ablation studies showed the difficulty of ablating the atrial wall underneath a thick epicardial fat layer (González-Suárez et al 2009). We therefore proposed to conduct a feasibility study on a new technique based on impedance measurements to asses the thickness of the epicardial fat prior to RF cardiac ablation. This could improve the ablative technique in general, since a particular RF power delivery protocol could be chosen, or even a particular kind of HIFU, microwave or cryoablation energy in order to optimize the thermal lesion according to the amount of epicardial fat present. In this study we showed that impedance readings varied with the quantity of fat present under the electrodes. This increase in impedance with epicardial fat thickness was obviously due to the lower electrical conductivity of the epicardial fat (0.025 S/m) as compared to atrial tissue (0.4 S/m). These results are in agreement with the computer-simulation results obtained by Berjano and Hornero (2004) using a twodimensional mathematical model.
We also observed that the fat profile under the electrodes followed the same trend as the impedance measurement (see Figure 6 ). Our results showed that Z A for concave fat profile was similar to Z A for the case of convex fat profile (≈ 550 Ω). This was due to the fact that the impedance map covers only the tissue zone between electrodes 2 and 7, which means that the fat quantity under electrodes 2 and 3, i.e. those determining the Z A value, is similar for the two fat profiles (see Figure 3) .
Although the measurements were initially conducted by considering a fat layer with limitless lateral width, we conducted additional simulations to check whether the results would change in a real situation with limited fat width. Here again, our results showed that impedance values remained close to the results obtained previously for fat lateral widths over 4.5 mm (see Figure 7 ). This suggests that the proposed technique could fail when the multi-electrode probe is placed on epicardial fat with a thin lateral width (less than 4.5 mm).
The model proposed in this study is the first step in assessing epicardial fat prior to RF ablation and has certain limitations. On one hand, we only considered a multielectrode probe with a rectangular section. Although this type of geometry could present a marked edge effect (Grimmes and Martinsen 2008) , it was chosen because the ANSYS modeling technique was easier to implement. Future work should consider a probe with a more realistic geometry, such as a circular section and other factors such as electrode/tissue pressure could be included in the model, especially in the case of circular section probes. From a modeling point of view, this could be done by increasing the electrode insertion depth in the tissue.
Conclusions
The computational results suggest that measuring impedance could be a practical method of assessing epicardial fat prior to intraoperative cardiac ablation, i.e. "to map" the amount of adipose tissue under the probe. This is based on the fact that the impedance profiles obtained approximately coincided with the profiles of epicardial fat present under the electrodes of the probe.
